The mitotic spindle is often positioned in a characteristic location during development, for example to enable the proper segregation of developmental determinants [1,2]. When epithelial cells divide, the mitotic spindle is often positioned parallel to the plane of the epithelium, so that both daughter cells contribute to the epithelium [3] . The mechanisms by which mitotic spindles are positioned have not been characterized in great detail, but evidence is accumulating that in some systems the dynein-dynactin microtubule motor complex plays a role [4-6]. Dynein has yet not been localized to cortical sites where it could bind to microtubules and exert a force that might orient the mitotic spindle, however [7, 8] . Here, we report that in mitotic polarized epithelial cells, the dynein-dynactin complex accumulates, from prometaphase onwards, along astral microtubules and at cortical spots, into which many of the astral microtubules dock. The spots are assembled at the lateral plasma membrane, in the region below the tight junctions. Their formation is inhibited by cytochalasin D, and under these conditions the spindles do not orient properly. This novel localization of the dynein-dynactin complex is consistent with a role for the complex in the positioning of the mitotic spindle. We also show that, during prophase, the motor complex colocalizes with the nuclear envelope, consistent with it having a role in separating the centrosomes that are associated with the nuclear envelope. 
Results and discussion
We sought to localize dynein and dynactin in mitotic Madine-Darby canine kidney (MDCK) cells; MDCK is a simple epithelial cell line which provides an interesting model for studying spindle positioning. During mitosis, the membrane proteins of MDCK cells remain polarized and tight junctions are maintained [3] . During metaphase, the spindle becomes oriented parallel to the plane of the monolayer [3] . As the co-localization of cytoplasmic dynein [9] and dynactin [10, 11] at a cellular structure is considered as evidence for their assembly into a motor complex [12] , we report here the structures with which dynactin (detected by antibodies to two of its subunits) and dynein (detected by an antibody to its intermediate chain) are co-localized during M phase of the cell cycle.
During prophase, dynein and dynactin are localized to the nuclear envelope and are also associated with short segments of astral microtubules that colocalize with the nuclear envelope ( Figure 1 ). This localization has been predicted from data on centrosome movements in polarized prophase MDCK cells [3] . Nuclei and the endoplasmic reticulum are moved and positioned by microtubule-based motor systems in many cell types, and the available evidence indicates that these movements are mediated by cytoplasmic dynein [13, 14] . The new localization of dynein-dynactin reported here is therefore ideally compatible with a role in bringing centrosomes and nuclei together in early prophase, and in keeping separating poles close to the nuclear surface.
The orientation of the spindle in polarized MDCK cells involves a rotation of the spindle during metaphase and is maintained throughout cleavage [3] . We initially investigated the localization of dynein and dynactin in partially polarized MDCK cells (Figure 1 ). Strong dynein and dynactin labeling appeared along all the astral microtubules, from very early prometaphase onwards. Strikingly, these microtubules were nearly invisible with anti-tubulin labeling ( Figure 1 , compare panels j and k), probably explaining why they were never seen clearly before, regardless of the fixation protocol used [3] . We infer that the presence of the large motor complex along the astral microtubules had inhibited access of the tubulin antibody to its epitope. As in other cell types [12] , spindle polar regions and the kinetochores of nonaligned chromosomes were labeled, whereas spindle fibers were comparatively weakly stained.
During prometaphase, bright dynein-and dynactin-containing spots became visible along the lateral cytoplasmic membrane (Figure 1f,g ), and some astral microtubules were clearly seen docking into these spots. Moreover, in metaphase, during which the cells progressively rounded up, the number and staining intensity of the cortical spots increased considerably, as did the number of astral microtubules ending into cortical sites (Figure 1h,i) . At metaphase, astral microtubules became very straight, as if under tension. Dynein and dynactin co-distributed completely at these sites.
In anaphase B (Figure 1l ) and early telophase (data not shown), the intensity of the immunofluorescence signal diminished. Numerous astral microtubules continued to link the centrosome to dynein-and dynactin-positive cortical spots, but they had clearly shortened and the spots had become segregated into two polar caps. The cortex adjacent to the spindle midzone was devoid of cortical spots. Dynein and dynactin were comparatively less prevalent along interzonal microtubules and were absent from midbody microtubules. By late telophase, most of the cortical spots had disappeared (data not shown).
In order to correlate the distribution of the cortical sites with the process of spindle postioning, we localized Arp1 in filter-grown MDCK cells. The distribution of dynactin in fully polarized cells was similar to that seen in partially polarized cells at all stages of mitosis. In optical slices taken in the xz plane, the cortical sites were restricted to The finding that, from nuclear envelope breakdown through to telophase, astral microtubules are covered by dynein-dynactin, and that some of them appear to end in prominent dynein-dynactin-containing cortical structures, represents a novel localization for this motor complex. The distribution of the cortical spots in filter-grown cells, co-aligning with the axis along which the spindle is positioned, suggests that these structures constitute the functional units which direct the process of spindle orientation in polarized MDCK cells. Circumstantial evidence in support of this hypothesis is provided by the straightness of the astral microtubules from late prometaphase onwards, which could reflect the tension generated between the cortical docking site and the centrosome.
Our findings in MDCK cells are reminiscent of the rotational alignment of the centrosome-nucleus complex of early blastomeres of the P cell lineage in Caenorhabditis elegans embryos, where short, straight microtubules connect the aster closest to the adjacent cell to a cortical attachment site [15] ; destruction of this site by a laser perturbs the rotation [16] . In addition, the site transiently accumulates actin and an actin-capping protein which is also found in the dynactin complex [17] . The dependence of the sites found in MDCK cells on an intact microfilament system is also compatible with a role in spindle orientation, but does not provide proof, given that cytochalasin D may also affect other structures involved in spindle orientation. The suppression of astral microtubules connected to the cortex is more surprising and Brief Communication 543 could indicate that the cortical sites stabilize astral microtubules. Finally, although we have found dynein-dynactin on astral microtubules in several other cell lines, the cortical sites were either not visible (in fibroblasts) or less prominent and not polarized (HeLa and A431, a transformed keratinocyte cell line; data not shown), so we think that their characteristics in MDCK cells could reflect the need of polarized epithelia to control tightly the position of their cleavage planes so as to be perpendicular to the plane of the monolayer. These observations are consistent with a role for the cortical sites in spindle orientation. Final proof will need a more specific approach, such as the selective inhibition of the interaction between the motor complex and its cortical receptor.
Materials and methods
The antibodies used were two monoclonal anti-beta-tubulins, giving identical results (clone Z023 (Zymed), used 1/25, and clone N357 (Amersham), used 1/10), rabbit anti-Arp1 (A27, used 1/50, gift from D. Meyer, University of California San Diego) and a monoclonal antip150 Glued (used 1/10; gift from T.A. Schroer, Johns Hopkins University) as markers for the dynactin complex, and monoclonal antibody 70.1, against the intermediate chain of cytoplasmic dynein (used 1/20; gift from K. Pfister, University of North Carolina). MDCK cells, exponentially growing on coverslips in islands of ≤ 100 cells, were used for most experiments. They remain relatively flattened but have all the types of epithelial junction [18] . MDCK cells grown on filters as described before [18] were also used. The cultures were lysed for 30-120 sec in 0.5% Triton-X-100 in PHEM pH 6.9 buffer [19] , fixed in 3% paraformaldehyde in PHEM for 20 min and postfixed in methanol at -20°C for 6 min. For labeling with anti-dynein, the cells were fixed with cold methanol alone after lysis. This fixation did not preserve the cortical sites and the peripheral parts of aster microtubules so well. The cells were double-labeled by indirect immunofluorescence, and analyzed by confocal laser-scanning microscopy (Leica). 
